I. INTRODUCTION
T HE problem of synchronization of Josephson multi-junction arrays was most actively studied due to their application in voltage standards. In low-temperature voltage standards, a straight-line series array of Josephson junctions is placed along either a micro strip line [1] or the center conductor of a coplanar waveguide [2] . The slot line was also successfully used for irradiation of the multi-junction arrays [3] . The propagating electromagnetic wave effectively drives the arrays containing up to several thousands of junctions.
Thin film microwave circuits were used for synchronization of high-temperature superconductor (HTS) Josephson junctions [4] for driving frequencies up to 32 GHz. Due to this relatively low frequency, the microwave coupling circuit is large which prevents the use of a considerably larger number of junctions. The maximum achieved quantum voltage was equal to 10 mV [5] .
To further improve the performance of HTS arrays, it is therefore of great importance to raise the maximum drive frequency to about 70 GHz and higher. Recently we suggested and successfully realized the method of the irradiation of high-temperature superconductor (HTS) Josephson junctions embedded by coupling to the resonant modes of a Fabry-Perot (FP) resonator [6] . In this paper we discuss the mechanism of interaction of Josephson junctions with the mm wave electromagnetic field induced in the resonator. In particular, we study the influence of the layout of the series array, as well as polarization of the electric field on the effectiveness of interaction of junctions with the electromagnetic field in the resonator.
II. FABRY-PEROT RESONATOR DESIGN
The Fabry-Perot resonator was arranged in a hemispherical configuration in which plane and spherical mirrors were used (Fig. 1) . A sample with an array of high-temperature Josephson junctions was used as a plane mirror. The radius of the spherical mirror with the diameter 25 mm was equal to . The coupling of a microwave power to the resonator was performed via the open end of a standard waveguide arranged in the center of the spherical mirror. In this case the FP resonator was working in the over-coupling mode, i.e. the coupling is stronger than the critical coupling. To tune the FP resonator for optimum coupling to the Josephson junction array, the waveguide with the spherical mirror was displaced with respect to the sample. Also the rotation of the waveguide allowed us to select an optimal mutual angle between the sample and the electric field vector in the resonator.
III. HIGH-TEMPERATURE ARRAY OF JOSEPHSON JUNCTIONS
We have investigated Josephson junctions fabricated on commercially available symmetrical bicrystal yttria-stabilized zirconia (YSZ) substrates ([001] tilt) with misorientation angle of 24 . Epitaxial (YBCO) films were formed by reactive high-oxygen-pressure metal co-evaporation using a rotating substrate holder [7] . The substrate temperature was 665 and the deposition rate about 0.4 nm/s. To prevent interface reactions, 10 nm thick buffer layers were deposited prior to depositing the YBCO films. The bilayer was patterned using a standard positive photoresist. The details of the intermittent film deposition scheme and Josephson junction's technology have been published previously [8] .
The layout of the circuit is shown in Fig. 2 . The grain boundary (GB) was located in the middle of a bicrystal substrate with dimensions 10 10 mm. The GB divided the substrate in two equal parts: top and bottom. After the patterning the top and the bottom parts of the substrate were covered with grids of thin film strips with a length , width and the distance between the strips . The top grid was shifted with respect to the bottom grid by 11
. The grids were connected in the middle of the substrate with the bridges which crossed the GB thus forming the array of series connected Josephson junctions. The width of the bridges was . On the substrate two independent series arrays of 400 junctions with a lateral size of 4 mm were fabricated. Special thin film current leads allowed independent dc-bias currents and voltage measurements on separate sub-arrays.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
For optimizing of the coupling to mm wave irradiation we investigated the dependence of the critical current and steps amplitude on frequency and angle . Also dependence of the critical current on frequency and number of junctions in the array were investigated.
A. Influence of Electric Field Polarization on the Microwave Coupling to Josephson Junctions
For the investigation of the angle dependence we rotate the waveguide relative to the sample holder. In Fig. 3 the current voltage characteristics of two bicrystal junctions are shown for two mutual orientations of the HTS thin film strips and electric field E in the waveguide. curves were measured under mm wave irradiation at the resonant frequency , equal power level of 10 mW and temperature . For the angle , when the electric field is parallel to the thin film strips the coupling is very small. In contrast by rotation of the waveguide to , when the vector of the electric field is perpendicular to the thin film strips we observed strong suppression of the critical current and an optimum value of the first Shapiro step . To explain such dependence we consider the analogy between our circuit and a wire grid polarizer [9] . An electromagnetic wave (EW) with electric field aligned parallel to the wires induces the movement of electrons along the wires such that the wave is reflected backwards along the incident beam. In this case the interaction of the electric field with Josephson junctions is small.
In the simulation, we used a model with dimensions of the substrate of and a meander microstrip similar to our arrays. We employed a plane wave as the irradiating EW source and simulate the surface current distribution to investigate the observed angle dependence by changing the orientation of the electric field of the plane wave at different frequencies. The result of simulations with CST Microwave Studio [10] confirms our assumption (Fig. 4(a) ).
On the other hand, for the electromagnetic waves with electric field perpendicular to the strips, the electrons cannot move very far across the width of each strip; therefore, only a small amount of energy is lost by reflection, and the incident wave is able to travel through the grid. Since electric field components parallel to the strips are mostly reflected, the transmitted wave has an electric field purely in the direction perpendicular to the strip (Fig. 4(b) ). The currents can flow only along the meander forming array of Josephson junctions. In this case the coupling to the external mm wave field is very strong. We suppose that the coupling can be even increased with optimization of the substrate thickness. Fig. 5 shows the dependence of the critical current and on the angle from 0 to 90 . According to the RSJ model, the critical current decreases and the height of the first step increases approximately linearly with microwave bias current until they reach the first minimum and maximum, respectively. Therefore the experimental results were approximated with empirical dependence , . This dependence confirms our suggested model of the interactions of the electric field with Josephson junctions embedded in FP resonator.
B. Frequency Dependence of the Coupling to Josephson Junctions
The dependence of the critical current on the frequency was measured at the fixed resonator length and angle . The results shown in the Fig. 6 demonstrate two frequencies at which strong suppression of the critical current were observed. But only at the frequency equal to 74.25 GHz a maximum step height was observed. We suppose that at this frequency the mode with uniform field distribution is excited in the FP resonator. In contrast, at 71 GHz a higher other lateral mode with nonGaussian field distribution is supposed to be excited. Indeed, the observed steps were much smaller at this frequency.
C. Dependence of Shapiro Steps on the Number of Josephson Junctions in the Array
We investigated the characteristics of the Shapiro steps on different sub-arrays containing 8, 16, 32, 64, 101, 115, 131, 163 and 182 junctions respectively. Fig. 7 shows the current-voltage characteristics for different series array at 75 K with external irradiation frequency . The Josephson junctions in the arrays had an average critical current of , the average resistance of one shunted junction was about 0.14 with spread less than 8%. The resulting characteristic voltage was about 0.1 mV and the normalized frequency was of about 1.6 at optimum for the observation of the first voltage step under millimeter wave irradiation. Fig. 8 demonstrates boundaries of the current steps for the different HTS sub-arrays. The steps heights were measured with resolution better than 1 . As shown in Fig. 8 , we achieved about 10 mV step voltage on the sub-array containing 64 junctions with the step height 0.35 mA and about 20 mV step voltage on the sub-array containing 131 junctions with the step height about 0.31 mA. Fig. 9 shows in detail the current-voltage characteristics of the sub-array of 163 junctions at 75 K with and without external irradiation at 74.39 GHz. The critical current , the average resistance of one shunted junction was 0.14 . The enlarged insets in Fig. 9 show steep Shapiro steps with a height and the step voltage about 25 mV. This is maximum value of metrological relevant voltage achieved at 75 K on HTS arrays.
The sub-array containing 182 junctions was the maximum number of junctions that were synchronized with the step height of 0.05 mA at 28 mV. Because the width of the junctions was 6 and the distance between the junctions was 5 , 182 junctions were spaced over a distance of 2 mm. We suppose that the limitation is caused by the non-uniformity of the field determined by the width of the Gaussian beam in the fundamental mode of the FP resonator. With increasing the radius of the spherical mirror we can increase the area of the uniform field and so increase the number of junctions that can be synchronized.
V. CONCLUSION
We have investigated the coupling mechanism of a millimeter wave electromagnetic field to Josephson junction arrays embedded in a hemispherical Fabry-Perot resonator. The resonant frequency and the polarization of the electric field were tuned for the optimization of the coupling electric field to the Josephson junctions. We have found that our high-temperature superconductor array can be modeled as a thin film grid polarizer. In agreement with this model a strong dependence of the coupling of the Josephson junctions on the polarization of the electric field in the resonator was measured. The simulations with CST Microwave Studio confirm this model. According to this model, the dimension and interval of the grids and the dimension of the Josephson junctions are optimized. After optimized, the arrays with 182 junctions were investigated and a maximum quantum Josephson voltage equal to 28 mV was measured at a temperature 75 K and a frequency of 74.39 GHz for the fist time. Also sub-arrays containing smaller number of junctions were synchronized at the same frequency. This result shows that such circuits are interesting for application in the programmable voltage standard. Discussed coupling method can be used up to terahertz frequencies. In addition, this result is very promising for possible THz detector array based on HTS bicrystal junctions.
The suggested approach for synchronization of multi-junction circuits may be useful for irradiation of large arrays of niobium Josephson junctions as well. In this case the substantial simplification of the technology of niobium arrays and a higher irradiation frequency could be achieved. ACKNOWLEDGMENT M. He thanks the DAAD (Deutscher Akademischer Austauschdienst).
